First defined in the mid-1990s, prebiotics, which alter the composition and activity of gastrointestinal (GI) microbiota to improve health and well-being, have generated scientific and consumer interest and regulatory debate. The Life Sciences
Introduction
Adequate intake of dietary fiber is increasingly being recommended by governmental public health agencies as a means to maintain and increase health and well-being. Some epidemiological studies have shown support for an inverse relationship between dietary fiber consumption and risk of some chronic diseases (1). Developing evidence suggests that dietary fiber protects against cardiovascular disease (CVD) 9 (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) , obesity (17) (18) (19) (20) (21) (22) , and type 2 diabetes (23-28). Dietary fiber is considered essential for optimal digestive health (29, 30) . Dietary fiber is listed on the Nutrition Facts panel. The recommended DRI of total fiber is 25 g/d for young women and 38 g/d for young men; however, a usual intake of dietary fiber in the US is only ;15 g/d (31). Manufacturers are allowed to call a food a "good source of fiber" if it contains 10% of the recommended DRI (2.5 g/serving) and an "excellent source of fiber" if the food contains 20% of the DRI (5 g/serving).
In 2002, new definitions for fiber were published by the Institute of Medicine (31). Dietary fiber is nondigestible carbohydrate and lignin that are intrinsic and intact in plants. Functional fibers are isolated nondigestible carbohydrates that have beneficial physiological effects in humans. Total fiber is the sum of dietary fibers and functional fibers. Dietary fiber includes plant nonstarch polysaccharides (e.g., cellulose, pectin, gums, hemicelluloses, b-glucans, and fiber contained in oat and wheat bran), lignin, and some resistant starches. Potential functional fibers include isolated, nondigestible plant (e.g., resistant starch, pectin, and gums), animal (e.g., chitin and chitosan), or commercially produced carbohydrates (e.g., resistant starch, polydextrose, inulin, and indigestible dextrins) (31). Fibers are not degraded and absorbed in the small intestine. They are usually fermented by the microbiota of the large intestine.
Colonic Microbiota and Fermentation
The human large intestine is one of the most diversely colonized and metabolically active organs in the human body (32) . More than 1000 different species of bacteria reside in the colon, with microbial populations comprising~10 11 -10 12 CFU/g of contents. The colonic environment is appropriate for bacterial growth due to its slow transit time, readily available nutrients, and favorable pH (33) . Generally, bacteria having an almost exclusive saccharolytic metabolism can be considered beneficial because of their metabolic function and end products. Such a metabolic function is typical for lactobacilli and bifidobacteria. Mapping the diversity of and interactions among the human intestinal microbiota is of increasing interest (34, 35) . The Human Gut Microbiome Initiative was initiated to obtain a more comprehensive view of the distal human gut microbial ecosystem and to serve as a model for characterizing other human microbial ecosystems such as the skin and oral cavity (36) .
The composition and activity of the intestinal microbiota can influence health and disease through its involvement in nutrition, host physiological functions, and pathogenesis of certain disease conditions (37, 38) . The mechanisms by which the intestinal microbiota induce these effects are not completely understood, but some hypotheses and mechanisms have been suggested: 1) increasing the colonization of favorable bacteria in the colon to compete with pathogenic microorganisms for ecological niches and metabolic substrates; 2) synthesizing energy for cells of the gut wall through the fermentation of carbohydrates to SCFA, mainly butyrate, acetate, and propionate; 3) increasing stool bulking and intestinal transit; 4) modulating the immune system, especially the gut-associated lymphoid tissue (GALT); and 5) modulating gene expression and cell differentiation in the gut wall, including endocrine L-cells in the colon.
Together with the gut immune system, the colonic and mucosal microbiota significantly contribute to the intestinal mucosal barrier that prevents pathogens from invading the gastrointestinal (GI) tract. The intestinal microbiota salvages energy through fermentation of substrates not digested in the upper gut. The main substrates are dietary carbohydrates that escape digestion or absorption in the upper GI tract. These include resistant starch, nonstarch polysaccharides (e.g., celluloses, hemicelluloses, pectins, and gums), nondigestible oligosaccharides, and sugar alcohols. The main fermentation pathway generates pyruvate from hexose sugars in the undigested carbohydrate. Colonic bacteria use a range of enzymes to produce organic acids and gases. These fermentation products provide energy fuel for colonocytes and other bacteria. Dietary components that stimulate fermentation lead to an increase in bacterial mass and, consequently, fecal mass and thus have a stool-bulking effect.
Fermentation and especially SCFA production play a multifaceted role at both the colonic and systemic levels (39) . Colonic epithelial cells preferentially use butyrate as an energy source, even when competing substrates, such as glucose and glutamine, are available. Butyrate is considered to be a key nutrient determining the metabolic activity and growth of colonocytes and may function as a primary protective factor against colon cancer and ulcerative colitis (UC) (40, 41) . SCFA are water soluble and are absorbed into the blood stream. Acetate is found in portal blood and passes through the liver. Acetate metabolism occurs in organs, including the brain (42) , heart, and skeletal muscles (43, 44) . In contrast, propionate is mainly utilized as a gluconeogenic substrate in the liver (45) and may lower the hepatic production of cholesterol by interfering with its synthesis (46) . Transport to and further metabolism of SCFA in the liver, muscle, or other peripheral tissues is thought to contribute ;7-8% of host daily energy requirements (33) . Fermentation and SCFA production are also thought to inhibit the growth of pathogenic organisms by reducing luminal pH (47) . A low pH reduces formation of toxic compounds such as ammonia, amines, and phenolic compounds from peptide degradation (48) and decreases the activity of undesirable bacterial enzymes (49) .
GALT represents the largest mass of lymphoid tissue in the body. Approximately 25% of the intestinal mucosa consists of lymphoid tissue (50) . About 60% of the total Ig produced daily is secreted into the GI tract (32) . Immune responses that start in the gut have the potential to affect immune responses at other mucosal surfaces. The GI microflora provide the primary antigenic stimulus responsible for the migratory pathway and maturation of precursor lymphoid cells in the Peyer's patches of the GALT. Some prebiotics decrease the numbers of lymphocytes and/or leukocytes in GALT (51) (52) (53) . Prebiotics may have direct or indirect effects on the immune system and may induce changes in the number of microbial genus or species. The colonic microbiota is the major stimulus for specific immune responses at local and systemic levels. Changes in the colon toward SCFA-producing bacteria may alter the pathogen-associated molecular patterns in the intestinal lumen (54) , resulting in activation of NF-kB and secretion of proinflammatory cytokines (55). Abnormal intestinal response to a foreign antigen as well as local inflammatory reactions might, as a secondary event, induce impairment of colonic barrier and function.
Overall, a number of factors influence the composition of the microbiota. These include changes in physiological conditions of the host (e.g., age, stress, and health status) and environmental circumstances (e.g., diet and antibiotic therapy). Recognition of the health-promoting properties of certain gut microorganisms has encouraged dietary-based interventions to provide an optimal environment for beneficial microbiota composition and metabolism.
Prebiotic Fibers
Prebiotics were first defined as "nondigestible food ingredients that beneficially affect the host by selectively stimulating the growth and/or activity of one or a limited number of bacteria in the colon, thus improving host health" (56) . This definition was later refined to include other areas that may benefit from selective targeting of particular microorganisms (57) : "a selectively fermented ingredient that allows specific changes, both in the composition and/or activity in the gastrointestinal microbiota that confers benefits." Currently, the target genera are lactobacilli and bifidobacteria; however, prebiotic success has primarily been achieved with bifidobacteria. This may be due to the fact that more bifidobacteria usually reside in the human colon than lactobacilli and they exhibit a preference for oligosaccharides.
In 2010, the International Scientific Association for Probiotics and Prebiotics working group defined dietary prebiotics as "selectively fermented ingredients that result in specific changes, in the composition and/or activity of the gastrointestinal microbiota, thus conferring benefit(s) upon host health" (32) . Although all prebiotics can be classed as fibers, not all fibers are prebiotic. Table 1 lists the criteria that must be scientifically demonstrated in order for an ingredient to be classified as a prebiotic (56, 57) . The latter of these criteria is what separates prebiotics from more traditional fibers.
Some prebiotics (i.e., inulin) occur naturally in several foods such as leeks, asparagus, chicory, Jerusalem artichokes, garlic, onions, wheat, oats, and soybeans (58) . Their consumption in the typical U. S. and European diets has been estimated to be several grams per day (58, 59) . Many frequently eaten foodstuffs have been fortified with prebiotic ingredients, such as inulin, oligofructose (FOS), galactooligosaccharides (GOS), and other potential prebiotic candidates. Inulin, FOS, and GOS have been evaluated by the FDA and confirmed as "safe" (60) (61) (62) (63) (64) . Studies conducted to evaluate potential toxic effects in animals and humans have revealed no or only mild adverse effects, including infrequent bloating, flatulence, and soft stools following ingestion of large quantities (65) . These effects have also been reported after consuming dietary fibers in general (66) . In practice, user concentrations of prebiotics (typically 2-4 g/ serving) are far below the amounts at which intestinal discomfort occurs. Moreover, it is hypothesized that the prebiotic-induced increase in bifidobacteria may reduce these adverse effects, because this genus does not produce gas as part of its metabolism (67) . The energy value of nondigestible oligosaccharides has been estimated between 1 and 2 kcal/g (68-70).
Prebiotics as Functional Foods
If added to many foods, including yogurts, cereals, breads, cookies, ice cream, spreads, drinks, and supplements, prebiotics can be considered a subcategory of functional food ingredients. According to The European Commission Concerted Action on Functional Food Science in Europe, functional foods are characterized by the following (71): 1) conventional/everyday food or food ingredient; 2) naturally occurring in foods; 3) proven beneficial effect(s) on target functions beyond nutritive value/ basic nutrition; and 4) convincing human nutrition intervention studies demonstrating enhanced well-being and health and/or reduced risk of a disease and/or improved quality of life including physical, psychological, and behavioral performances.
Furthermore, a functional food must remain food and it should demonstrate its effects in amounts that can normally be expected to be consumed in the diet. It is not a pharmaceutical but part of the normal food pattern (71) .
Disease Risk Reduction and Prebiotic Intake
After considering the relationship between dietary fiber and selected health outcomes, the Dietary Guidelines for Americans 2010 Committee (DGAC) reached the conclusion that "A moderate body of evidence suggests that dietary fiber from whole foods protects against cardiovascular disease, obesity, and type 2 diabetes and is essential for optimal digestive health" (30) .
Thus far, health outcome data for prebiotic intake are substantially more limited than for dietary fiber in general. The suggested benefits of prebiotic intake are listed in Table 2 .
Prospective and observational studies are being conducted to test these hypotheses and other typical fiber-related health outcomes.
GI infection and inflammation
Infectious diarrhea. In a study of 244 healthy study participants traveling to high-or medium-risk destinations for traveler's diarrhea, 10 g/d inulin ingested 2 wk prior to travel and 2 wk during travel reduced the prevalence and resulted in less severe attacks of diarrhea (72) . A recent study assessed the effectiveness of a prebiotic GOS (B-GOS, Bimuno, Clasado) on the incidence and severity of travelers' diarrhea in 159 healthy participants (73) . Either 5.5 g/d GOS or placebo (maltodextrin) was consumed 1 wk prior to travel and for the duration of travel to a country with a low or high risk for travelers' diarrhea. Significant differences (all P , 0.05) were observed between the GOS and placebo groups in the incidence of diarrhea (mean = 19 study participants vs. 30 study participants) and the duration of travelers' diarrhea (mean 6 SD = 2.37 6 2.06 d vs. 4.57 6 3.03 d); there were similar findings for the duration of abdominal pain (mean 6 SD = 2.00 6 1. 99 
Health benefits of prebiotic intake
Reduced prevalence and duration of infectious agents and antibiotic-associated diarrhea Reduced inflammation and symptoms associated with inflammatory bowel disease Protective effects against colon cancer Enhanced bioavailability and uptake of minerals, including calcium, magnesium, and possibly iron Lowered risk factors for CVD Promotion of satiety and weight loss and prevention of obesity placebo; P = 0.04) and histological pouchitis inflammation scores (mean 6 SEM = 2.11 6 0.14 inulin vs. 2.61 6 0.26 placebo; P = 0.04), lowered fecal pH (mean 6 SEM = 5.33 6 0.12 inulin vs. 5.62 6 0.10 placebo; P = 0.02), and increased fecal butyrate concentration (mean 6 SEM = 18.9 6 3.76 inulin vs. 11.7 6 2.08 mmol/g wet feces placebo; P = 0.01). Concentrations of the secondary bile acids deoxycholic acid (mean 6 SEM = 0.11 6 0.06 inulin vs. 0.40 6 0.13 mmol/g wet feces, placebo; P = 0.01) and ursodeoxycholic acid (mean 6 SEM = 0.07 6 0.02 inulin vs. 0.18 6 0.05 mmol/g wet feces, placebo; P = 0.04) were reduced as were concentrations of Bacteroides fragilis (mean 6 SEM = 6.77 6 0.47 inulin vs. 7.68 6 0.28 log 10 cfu/g wet feces, placebo; P = 0.02) in fecal samples (75) . However, these effects were not associated with significant differences in clinical symptoms between the inulin and placebo periods. A double-blind, randomized controlled study of 18 patients with active UC treated with a mixture of the probiotic Bifidobacterium longum and a prebiotic (Synergy 1, containing 6 g of fructo-oligosaccharide/inulin mix), showed a trend toward improved UC symptomology and a greater concentration of gut bifidobacteria (76) . The authors also reported reduced sigmoidoscopy scores with the prebiotic and probiotic mixture [start = 4.5 6 1.4 and end = 3.1 6 2.5] compared to placebo [start = 2.6 6 2.1 and end = 3.2 6 2.2]. Differences between groups were of borderline significance (P = 0.06). The authors reported reductions in TNF (P = 0.0177), IL-1a (P = 0.0051), and reduced inflammation and regeneration of the epithelial tissue after treatment with the mixture compared with placebo [mean reduction in histological score for the mixture [start = 1.7 (1.4), end = 1.1 (1.2)] and the mean increase in histological score for the placebo [start = 0.9 (0.9), end = 1.9 (1.1)]. Significant differences in mRNA concentrations for human b-defensins (hBD) 2, 3, and 4, which are actively unregulated in UC (hBD2, P = 0.0156; hBD3, P = 0.0379; and hBD4, P = 0.0078), were reported after treatment with the mixture.
A randomized, double-blind, placebo-controlled study showed that 15 g/d FOS administered for 4 wk to individuals with Crohn's disease was ineffective at inducing clinical remission compared with administration of a placebo to individuals with Crohn's disease [FOS group (n = 6, 11%) and placebo group (n = 10, 20%; P = 0.19] by intention-to-treat analysis or by per-protocol treatment analysis [FOS group (n = 6, 15%) vs. placebo group (n = 10, 22%; P = 0.40)] (77). Treatment with FOS did not enhance bifidobacteria 9.4 (0.6) log 10 cells/g dry feces compared with placebo [9.3 (0.8) log 10 cells/g dry feces; P = 0.20]. The study also showed that FOS decreased the proportion of IL-6-positive dendritic cells in the lamina propria [FOS group (mean 6 SD) = 29 6 12 -232 6 15, P = 0.036; and placebo group (mean 6 SD) = 32 6 18 -228 6 15; P = 0.46] and enhanced the dendritic cell staining of IL-10 from baseline to wk 4 [FOS group: median (IQR) intensity ratio increased 1.3 (0.6) -2.0 (1.6); P = 0.035)]; however, no difference was observed in patients who were given the placebo [median (IQR) intensity ratio 1.4 (1.4) -1.6 (1.0); P = 0.66]. The production of IL-12p40 did not change.
In a small, randomized, double blind, placebo-controlled pilot study, participants with active UC were administered either 12 g/d of a FOS and inulin mixture (Beneo Synergy 1, a combination of long-inulin chains together with shorter FOS chains from chicory root) or a placebo for 2 wk (78) . Both the prebiotic and the placebo produced significant reductions in disease activity from baseline to d 14 (mean 6 SE for the prebiotic group = 8.9 6 0.52 vs. 4.1 6 0.4 and the placebo group = 8.3 6 0.37 vs. 6.4 6 0.63) (P , 0.05); however, disease activity did not significantly differ between groups. All participants in the test group achieved clinical remission (score ,6); however, 2 study participants in the placebo group had clinical activity. Consumption of the prebiotic also significantly decreased the concentration of calprotectin, an abundant neutrophil protein that is markedly elevated in patients with inflammatory bowel disease (d 0: 4377 6 659 mg⁄g, d 7: 1033 6 39 mg⁄g, d 14: 1211 6 449 mg⁄g; P , 0.05 vs. d 0); however, consumption of the placebo did not elicit a significant effect (d 0: 5834 6 1563 mg⁄g, d 7: 4084 6 1395 mg⁄g, d 14: 3740 6 2198 mg⁄g; P value not reported). Data reported for d 0 included 9 prebiotic and 9 placebo patients; for d 7, 8 prebiotic and 8 placebo patients; and at d 14, 7 prebiotic and 8 placebo patients.
Functional bowel disorders
Recently, the efficacy of trans-GOS in changing the colonic microbiota and improving symptoms was investigated in a randomized, controlled patient-blinded crossover trial in 44 patients with Rome II positive irritable bowel syndrome (IBS) (79) . The study included a 2-wk baseline period and two 4-wk treatment periods separated by 2-wk washout phases. Trans-GOS administration for 4 wk enhanced fecal bifidobacteria at 3.5 g/d [mean 6 SD bacterial proportion at the beginning of treatment (b) vs. at the end of treatment (e) = 3.25 6 0.51 (b) vs. 5.51 6 0.43 (e); P , 0.005] and at 7 g/d [mean 6 SD = 3.01 6 0.38 (b) vs. 7.48 6 0.59 (e); P , 0.001]. There were differences in bifidobacteria concentrations at the end of treatment between placebo and 3.5-g/d prebiotic treatment (P , 0.05) and between placebo and 7.0-g/d prebiotic treatment (P , 0.001). Placebo treatment had no effect on the group who were also given 3. Trans-GOS, at 7 g/d, significantly improved subjective global assessment scores [mean 6 SD = 4.1 6 0.8 (b) vs. 3.6 6 0.9 (e)] and anxiety scores [mean 6 SD = 9.7 6 4.3 (b) vs. 7.8 6 4.6 (e) (both P , 0.05)]. The effects were apparent in diarrhea and constipated and alternating forms of IBS.
Colon cancer
Human studies have yielded inconsistent effects of prebiotics on biomarkers of colon cancer (80) (81) (82) . The largest well-designed U.S. study of 89,000 nurses examining the association between dietary fiber consumption and colon cancer found no correlation (83) . More research is needed to evaluate the role of prebiotics in protecting against colon cancer in humans.
Bioavailability and uptake of calcium Calcium absorption is enhanced with prebiotic intake, mainly fructans (84) (85) (86) . These effects may be due to lowered luminal pH resulting from SCFA production by bifidobacteria after prebiotic fermentation. This reduced pH shifts calcium speciation and solubility such that bioavailability increases. Inulintype fructans and other nutrients may also synergize to improve calcium absorption (87) ; crude fractions of chicory improved bone characteristics such as total bone mineral content and diaphysal bone mineral density of femurs relative to native inulin, reformulated inulin, and control for total bone mineral content (means 6 SEM = 0.706 6 0.047 g vs. 0.688 6 0.084 g, 0.671 6 0.057 g, and 0.646 6 0.056 g, respectively; P = 0.041) and for diaphysal bone mineral density (g/cm 2 ) (means 6 SEM = 0.273 6 0.005 vs. 0.274 6 0.006, 0.269 6 0.006, and 0.264 6 0.004, respectively; P = 0.026) in rats. A 12-mo study of 100 adolescents ingesting 8 g/d short-and long-chain inulin fructans showed a significant increase in calcium absorption that led to greater bone mineral density (88) . Oral 42 Ca and i.v. 46 Ca absorption have also been quantified in young adults following 8 wk of supplementation with 8 g of inulin/FOS (89) . Calcium absorption increased at least 3% in young adults with a mean calcium intake of 900 mg/d. Absorption increased 22.7 6 11.3 to 31.0 6 15.3%, with colonic absorption representing 69.6 6 18.6% of the increase or a total of 49 6 28 mg/d.
CVD
Despite consistent evidence from prospective epidemiologic studies showing that dietary fiber exerts a protective effect against CVD, the components of dietary fiber that exert this effect have not been well defined. The Institute of Medicine (31) concluded that cereal fibers and viscous functional fibers, such as gums and pectins, are most effective. Soluble and viscous fibers appear to favorably alter biomarkers of CVD, including LDL cholesterol (LDL-C) and C-reactive protein. Evidence suggests that high-fiber, vegetable-based diets can dramatically reduce LDL-C concentrations in a manner comparable to statin drugs (90) (91) (92) . Whether all isolated, functional fibers protect against CVD is unclear. The U.S. FDA allows health claims for soluble fiber from oats, barley, and psyllium (1).
A prospective study examined the effect of consuming 18 g/d of inulin on the serum lipid profiles of hypercholesterolemic men and women (n = 21) (93). Although differences in responses between inulin and control periods were significant (P , 0.05) for LDL-C (214.4%) and total cholesterol (28.7%), the variable lipid responses in the crossover treatment groups suggest a need for additional research. A double-blind, randomized, placebocontrolled study examined the lipid-modifying ability of 10 g/d inulin/FOS administered for 6 mo to 17 normolipidemic participants who consumed their normal diet and did not modify their habits (94) . Compared with placebo, inulin/FOS had no effect on plasma TG concentrations and hepatic lipogenesis and induced only a nonsignificant trend for reduced plasma total and LDL-C concentrations and a higher HDL cholesterol (HDL-C) concentration.
A recent randomized, controlled, crossover study of 23 hyperlipidemic adults investigated whether prebiotics could potentiate the cholesterol-lowering effect of soy (95) . Participants completed three 4-wk diet intervention phases: a low-fat dairy diet plus 10 g/d FOS-enriched inulin, a 30-g/d soy food diet with 61 mg/d isoflavones from soy foods plus 10 g/d placebo (maltodextrin), and a soy food-containing diet plus 10 g/d prebiotic. Intake of soy with the prebiotic resulted in a greater decrease in LDL-C (20.18 6 0.07 mmol/L; P = 0.042) and in the LDL-C:HDL-C ratio (20.28 6 0.11; P = 0.041) compared with prebiotic. HDL-C increased with soy plus prebiotic consumption compared with prebiotic alone (0.06 6 0.02 mmol/L; P = 0.029). The authors suggested that co-ingestion of a prebiotic may increase the effectiveness of soy foods as part of the dietary strategy to lower serum cholesterol.
Obesity, satiety, and weight loss Some human studies have reported that obesity is associated with elevated concentrations of Firmicute bacteria and reduced concentrations of the Bacteroidetes phylum (96) (97) (98) 7 bacteria/(archaea copies × g of feces) (obese); P , 0.0197]. Another study reported that obese individuals had a reduced relative proportion of Bacteroidetes (P , 0.001) and an elevated relative proportion of Firmicutes (P = 0.002) compared with lean controls prior to being placed on either a fat-or carbohydrate-restricted diet. Following either a carbohydrateor fat-restricted diet increased the relative abundance of fecal Bacteroidetes (P , 0.001) and decreased the abundance of Firmicutes (P = 0.002) (98) . A study conducted on adult female monozygotic and dizygotic twin pairs concordant for leanness or obesity and their mothers showed that obesity was associated with phylum-level changes in microbiota, decreased bacterial diversity, and changed representation of genes and metabolic pathways (97) . Obese participants had lower proportions of Bacteroidetes (P = 0.003), an elevated proportion of Actinobacteria (P = 0.002), no difference in Firmicutes (P = 0.09), and reduced species diversity compared with lean twins, suggesting that deviations from a core microbiome may be associated with different physiologic states (obese vs. lean). Nadal et al. (96) showed that weight loss was associated with a change in gut microbial composition of obese adolescents. Weight loss resulted in reduced concentrations of Clostridium histolyticum (Firmicutes division) and E. rectale-C. coccoides. Weight loss .4 g resulted in increased concentrations of the Bacteroides-Prevotella group [median proportions of bacterial cells hybridizing with specific group probes to total bacteria hybridizing with EUB probe 338 and ranges before intervention = 2.51 (6.92-1.13) and after intervention = 3.09 (16.14-0. (101) reported no difference between the proportion of fecal Bacteroides in lean and obese study participants (21 vs. 27.2%; SED = 2.96; P = 0.08) when obese participants consumed weight maintenance diets and no significant relationship between weight loss and the proportion of Bacteroides in total fecal bacteria for obese participants compared with lean participants (R 2 = 0.08, P = 0.11). They reported that weight loss resulted in decreases in the Roseburia + E. rectale bacteria of the C. coccoides group of Firmicutes for obese individuals (P , 0.001) and bifidobacteria when participants consumed weight loss diets [low carbohydrate, ketogenic and high protein, moderate-carbohydrate, nonketogenic] compared with the maintenance diet: (1.87 and 2.09%, SED = 0.88, respectively, P , 0.037). Schweirtz et al. (100) examined microbial composition and SCFA production in lean and overweight study participants. They reported that obese participants had a higher mean total amount of SCFA in their fecal samples (103.9 6 34.3 vs. 84.6 6 22.9 mmol/L; P = 0.024) than lean participants, increased propionate (41%; 19.3 6 8.7 vs. 13.6 6 5.2 mmol/L; P = 0.002), and a nonsignificant increase in butyrate (28%; 18.1 6 10.0 vs. 14.1 6 7.6 mmol/L; P = 0.10). In addition, they reported a lower Firmicutes:Bacteroidetes ratio in overweight (1.1 vs. 3.3; P = 0.001) and obese (1.2 vs. 3.3; P = 0.005) study participants compared with lean participants. Obese study participants had a lower proportion of Methanobrevibacter compared with lean participants [6.2 6 3.24 vs. 8.0 6 3.92 median log 10 cells/g of feces (dry weight 6 SD); P = 0.018].
A limited number of studies have investigated the effect of prebiotics on obesity, satiety, and weight gain in humans. One 2-d study reported no added effect of FOS, b-glucan, or a combination on appetite or energy intake (104) . Study participants consumed a meal replacement bar at breakfast containing 0.3 g b-glucan (control) or bars containing an additional 0.9 g bglucan (barley group), 8 g FOS (FOS group), or 0.9 g b-glucan + 8 g FOS (barley + FOS group), an ad libitum lunch 4 h later, and the same type of bar for a snack 2 h after lunch on d 1. On d 2, participants consumed the bar only at breakfast. On d 1, energy intakes for the control, barley, FOS, and FOS + barley groups were 629, 624, 655, and 651 g (SE = 49), respectively. On d 2, energy intake values were 595, 608, 612, and 590 g (SE = 44), respectively. The authors reported no significant effect of on appetite ratings or food intake.
In another study, 33 study participants were given 3 different meal challenges 7 d apart after an overnight fast (105) . The meal challenges were a conventional, full-fat sausage patty, a patty in which one-half the fat in the conventional patty was replaced with inulin, and a patty with one-half the fat replaced by lupin-kernel fiber, an insoluble nondigestible carbohydrate. Participants had reduced 24-h energy intake after partially replacing fat in a sausage patty with 24 g inulin [control, inulin-fiber (df 32; P = 0.039]. There was a strong trend toward lower energy intake on the day of consumption of lupin kernel fiber patties (df 32; P = 0.053) compared with the day of consumption of the full-flavored patty breakfast.
A randomized, double-blind, placebo-controlled trial was conducted to examine the effects of FOS supplementation on body weight and satiety hormone concentrations in overweight and obese adults (106) . Forty-eight otherwise healthy adults with a BMI (in kg/m 2 ) .25 received 21 g FOS/d or placebo (maltodextrin) for 12 wk. The FOS-supplemented group had a reduction in body weight of 1.03 6 0.43 kg, whereas the control group had an increase in body weight of 0.45 6 0.31 kg over 12 wk (P = 0.01). A lower AUC for ghrelin (23% decrease; P = 0.004) and a higher AUC for peptide YY (PYY) were reported with FOS (13% increase; P = 0.03) for initial values compared to values at the end of the study. Suppressed ghrelin and enhanced PYY may contribute to the reduction in energy intake. Similar results were obtained in a randomized, double-blind, parallel, placebo-controlled trial of 10 healthy adults who received either 16 g/d fructan prebiotics or 16 g/d dextrin maltose for 2 wk (107). Prebiotic treatment increased breath hydrogen excretion, a marker of gut microbiota fermentation (increased fermentation at 30 min and 120 min; P , 0.05), bỹ 3-fold and compared with the placebo, there was a time 3 treatment effect (P = 0.0156). The prebiotic also reduced hunger visual analog scale scores at 180 min compared with placebo (time 3 treatment, P = 0.0147). Prebiotics increased plasma glucagonlike peptide 1 (treatment 3 time interaction, P = 0.038) and PYY concentrations (treatment 3 time interaction, P = 0.0498); however, postprandial glucose AUC decreased after the standardized meal prebiotic treatment (treatment 3 time interaction, P = 0.05).
A single-blind, crossover, placebo-controlled study investigated the effect of FOS supplementation on satiety in men and women with BMI ranging from 18.5 to 27.4 kg/m 2 (108) . Study participants were given 16 g/d FOS or placebo for 2 wk followed by a 2-wk washout phase and the other treatment for 2 wk. Consumption of FOS enhanced satiety during breakfast and dinner (P = 0.04) and decreased hunger (P = 0.04) and prospective food consumption after dinner (P = 0.05). Energy intakes at breakfast and lunch were lower after FOS supplementation than after supplementation with the placebo [breakfast: percentage from placebo vs. percentage from FOS = 100 vs. 91 6 3.3; P , 0.01; lunch: percentage from placebo vs. percentage from FOS (mean 6 SEM) = 100 vs. 89.5 6 3; P , 0.05). In another study, children were given 8 g/d of a 1:1 mixture of FOS and long-chain inulin for 12 mo or a placebo (89) . The prebiotic group had no increase in BMI Z-score (mean 6 SEM = 0.03 6 0.01; P = 0.30); however, the BMI Zscore for the control group increased (mean 6 SEM = 0.13 6 0.04; P = 0.001).
In a randomized, double-blind, crossover study, Hess et al. (109) investigated the effect of consumption of short-chain fructooligosaccharides (scFOS) on satiety. Healthy men and women with a BMI of 18-27 kg/m 2 adhered to a low-fiber leadin diet 24 h prior to testing on 3 different occasions. Men were tested 1 wk apart and women were tested 2-3 wk apart. Participants were given a hot cocoa beverage containing 0, 5, or 8 g of scFOS with breakfast and 3 solid chocolate-flavored candies containing the same dose as a pre-dinner snack. Computerized visual analogue scales were used to report satiety, hunger, fullness, and prospective food consumption at baseline 30, 45, 60, 90, 120, 180 , and 240 min from baseline. Breath hydrogen samples were obtained at baseline and 240 min postintervention. Food consumption was recorded for 24 h after the start of each visit. scFOS elicited a dose-dependent increase in breath hydrogen, a marker of fermentation (0, 10, and 16 g scFOS = 20.4 6 1.6, 5.8 6 1.6, and 14.9 6 1.6 ppm, respectively; P , 0.05), but these doses had no effect on the AUC for hunger (207 6 15, 219 6 15, and 222 6 15; P-trend = 0.12), satisfaction (167 6 15, 155 6 15, and 148 6 15; P-trend = 0.06), or fullness (166 6 17, 151 6 17, and 149 6 17; P = 0.10). There was a significant difference in prospective food intake between the control (232 6 17) and 16-g FOS (251 6 17) groups (P-trend = 0.026). There was no effect on food intake at 0, 10, and 16 g scFOS (1034 6 58, 1040 6 58, and 1024 6 58 kcal; Ptrend = 0.86) at lunch. During the rest of the day, high-dose scFOS was associated with decreased food intake in women (1261 6 161 vs. 891 6 160 kcal; P = 0.037) and increased food intake in men compared with placebo (1613 6 159 vs. 1259 6 160 kcal; P = 0.05).
Regulatory Agency and Public Health Positions on Prebiotics
Many countries have no requirement for premarket approval of prebiotics, because there is no established or implemented system for health claims, although scientific substantiation should be available on request by authorities. The following countries have specific positions and/or policies regarding the use of and claims that can be made for prebiotics.
United States
The DGAC completed a non-Nutrition Evidence Library review of systematic reviews published since 2004 on probiotics, prebiotics, and health (30) . The DGAC thinks that the gut microbiota plays a role in health and recognizes that consumer interest in altering the microbiota is high. Additionally, the DGAC thinks that investigation of the gut microbiota is an important emerging area of research. However, insufficient evidence was available for DGAC to make dietary recommendations for Americans regarding either prebiotics or probiotics. The DGAC did note that although not all dietary fibers are prebiotics, all prebiotics are dietary fibers. Therefore, the recommended intakes of dietary fiber can provide prebiotics to the diet. In conclusion, the DGAC suggested that foods high in prebiotics (wheat, onions, garlic) should be consumed as well as food concentrated in probiotics (yogurt).
The most common claims in the marketing of prebiotics are structure/function claims. Health claims are not used, because the FDA has not approved such claims for prebiotics and nutrient content claims cannot be made because a daily value has not been established for prebiotics. However, because the DGAC notes that "all prebiotics are dietary fibers" and promotes consumption of recommended intakes of dietary fiber, perhaps a nutrient content claim for prebiotics could be argued based on dietary fiber daily values. 
) "Native inulin from chicory is prebiotic at a daily dose of 5 g/d;" and 4) "Native inulin from chicory at a daily dose of 5 g/d helps to maintain a healthy intestinal flora in the colon."
The Netherlands. In The Netherlands, inulin was approved as a prebiotic component of Vitaalbrood at 5 g inulin/100 g (113) . The package may carry the following statement: "Three slices per day supports a well-balanced gut flora composition and colonic function by selectively stimulating the growth of Bifidobacterium."
European Food Safety Authority Among recent rulings, the European Food Safety Authority (EFSA) rejected an Article 14 (1)(a) health claim referring to reduction of disease risk (travelers' diarrhea) for a Trans-GOS called BiMuno (114) , produced by Clasado and marketed in the UK (114) . Also rejected were two Article 13 (5) health claims (115) based on newly developed scientific evidence and/or including a request for the protection of proprietary data for BiMuno, one claiming the product "helps maintain a healthy gastrointestinal function" and one claiming it "supports your natural defenses." The reason for rejection was the same for all claims: a cause and effect relationship between the consumption of the food for which the claim is made and the claimed effect has not been established. This is despite several well-designed human studies of this product (116, 117) , including a recent double-blind, placebo-controlled study on traveler's diarrhea (73) .
EFSA has recently published a guidance document focused on 2 key issues regarding the substantiation of health claims related to the GI tract and immune system (i.e., which claimed effects considered to be beneficial physiological effects and which studies/outcome measures are considered to be appropriate for the substantiation of function claims and disease risk reduction claims) (118) . Currently, it is the opinion of the EFSA Panel on Dietetic Products, Nutrition and Allergies that "it is not possible to define the exact numbers of the different bacterial groups which constitute a 'normal' microbiota" and that the available data and "evidence available to the Panel does not establish that increasing the number of any groups of microorganisms, including lactobacilli and/or bifidobacteria, is in itself a beneficial physiological effect" (118) .
Japan
Numerous prebiotics have been commercialized in Japan during the last decade following their classification as foods for specific health uses (FOSHU) by the Japanese Ministry of Health, Labor, and Welfare. FOSHU status is allowed for "foods containing an ingredient with functions for health and officially approved to claim its physiological effects on the human body" (119) . Oligosaccharides and various dietary fibers are among the principal ingredients of foods approved "to modify gastrointestinal conditions." Prebiotic fiber functional ingredients include indigestible dextrin, psyllium seed husk, polydextrose, partially hydrolyzed guar gum, wheat bran, raffinose, beer yeast fiber, low-molecular weight sodium alginate, and agar-derived fiber. The oligosaccharide list is almost as long, with fructo-, galacto-, and isomalto-oligosaccharides as well as lactosucrose and lactulose and, most recently, a coffee bean mannanoligosaccharide in instant coffee and coffee premixes. All products containing dietary fiber and/or oligosaccharides are allowed on-label health claims such as "suitable for improving the regulation and control of the gastrointestinal tract" or "improves bowel movement," or the equivalent and may carry the FOSHU seal of approval.
Korea
The Korean FDA allows the following health claims for inulin and chicory extracts: "Helps to maintain a healthy blood cholesterol level" (9-10 g inulin/d); "helps to maintain healthy postprandial glucose levels" (9-10 g inulin/d); and "helps to maintain healthy bowel function" (8-20 g inulin/d) (120) .
Southeast Asia
In Singapore, inulin and FOS have been approved as prebiotics (121) . Inulin and FOS can be added to all foods (1.25 g/portion) in Malaysia, except infant formula (122) . In Malaysia, nutrient function claims describe the physiological role of the nutrient in growth, development, and normal functions in the body (123, 124) . They should not imply that the nutrient cures, treats, or protects the consumer from diseases. Permitted Malaysian nutrient function claims for prebiotics include: "Inulin/FOS is prebiotic," "Inulin/FOS helps increase intestinal bifidobacteria and helps maintain a good intestinal environment," and "Inulin/ FOS is bifidogenic." In Thailand, the Ministry of Health within the Thai FDA has developed guidelines and criteria to support the safety, quality, and efficacy evaluation of probiotics (published in 2009) and prebiotics (draft) in food products (125) . Thailand allows nutrient content claims, nutrient comparative claims, and nutrient function claims, where 29 nutrient function claims have been approved (126) . A ministerial notification is currently being drafted for health claims based on relevant Codex guidelines.
South America
Brazil. Inulin and FOS have been approved as prebiotics in Brazil at 2.5 g/portion with a recommendation for consumption of 5 g/d (127) . The permitted claim is "Inulin/FOS as prebiotics contribute to a balance/equilibrium of the intestinal flora. Their consumption should be associated with a balanced diet and a healthy life-style."
Chile. Inulin and FOS have been approved as prebiotics in Chile at 1.5 g/portion with a recommendation of a minimum of 3 g/d (128) . The permitted claim is "Contributes to maintain the balance of the intestinal flora."
Columbia. Prebiotics have been accepted by el Ministerio de la Protecció n Social of Columbia (129) . The allowed claim is "a moderate nutrition and a regular consumption of foods with prebiotics, stimulates the growth of beneficial intestinal bacteria and helps to improve the intestinal function and the natural resistance." South Africa "Novel fibers" in South Africa means an "edible carbohydrate," of which a physiological effect of benefit to health was demonstrated by generally accepted scientific eidence and approved and registered by the South African Health Products Regulatory Authority (130) . Novel fibers are classified as having $10 monomeric units, not hydrolyzed by the endogenous enzymes in the small intestine of humans; have been produced synthetically; or are obtained from natural sources that are not ordinarily consumed as fruits, vegetables, or cereals in the diet, or any oligomers (FOS), polymers (inulin), or mixtures thereof in which the degree of polymerization (DP) varies from 2 to 60 monomeric units for which a prebiotic claim could be made.
Prebiotic activity should be demonstrated by the following criteria (130) : resistance to gastric acidity, hydrolysis by mammalian enzymes, and GI absorption; fermentation by intestinal microbiota; stimulation of the growth of the whole indigenous population of bifidobacteria; and the selective stimulation of growth and/or activity of other indigenous GI microbiota that contribute to health and well-being.
Codex alimentarius, fiber, and fructooligosaccharide An unresolved regulatory question is whether DP 3-9 should be classified as dietary fiber based on the current Codex Alimentarius Definition of Dietary Fiber (footnote 2). At the Joint ILSI North America/ILSI Europe session at the 9th Vahouny Fiber Symposium, June 2010 (131),~90% of respondents agreed with the inclusion of carbohydrate polymers of DP 3 and in the definition of dietary fiber (132) . The percentage of respondents agreeing that in order to qualify as dietary fiber, carbohydrates falling into groups 2 and 3 of the Codex Alimentarius definition (as adopted in June 2009) should demonstrate scientific evidence of at least one of, but not limited to, the following physiological effects was: 99% for reduction in blood total and/or LDL-C; 96% for reduction in postprandial blood glucose and/or insulin; 99% for increased stool bulk and/or decreased gut transit time; 83% for fermentability by colonic microbiota; and 31% for "other proposed effects" (132) .
WHO/FAO
Recognizing the possible beneficial effect of prebiotics in food, the FAO convened a technical meeting to start work on the evaluation of the functional and health properties of prebiotics (133) . At the technical meeting, a group of international experts agreed on guidelines and recommended criteria and methodology for systematically approaching the evaluation of prebiotics for safe use in food. It was recommended that a full expert consultation be convened under the auspices of FAO. The work on these guidelines is ongoing (133) .
Current Status
Prebiotics decrease GI infection, including the incidence and severity of traveler's and C. difficile-induced diarrhea and have shown preliminary signals of beneficial effects in inflammatory bowel disease (pouchitis and UC) and IBS. Prebiotics also increase the bioavailability and uptake of calcium. Hyperlipidemic men and women administered 10 g/d FOS-enriched inulin in combination with a diet containing soy foods had an enhanced reduction in LDL-C (20.18 6 0.07 mmol/L; P = 0.042) and in the LDL-C:HDL-C ratio (228 6 0.11; P = 0.041) compared with the prebiotic (95) . However, additional research is needed to determine if prebiotics decrease the risk of CVD, because administration of inulin-type fructans for 6 mo had no lipid-lowering effect on normolipidemic individuals (P , 0.30 for total cholesterol, LDL-C, and HDL-C) (94) . Because results are mixed for the effects of prebiotics on colon cancer and colon cancer biomarkers, further studies are needed in this area. Consumption of scFOS for 3 mo resulted in no difference in crypt cell proliferation from the beginning to the end of the study for participants with and without adenomas (mean overall difference in proportion of proliferating cells = 0.9 6 0.91, P = 0.62, and 20.2 6 9.8, P = 0.87, respectively) (80) . Supplementation with a synbiotic containing the prebiotic Beneo Synergy1 (ORAFTI) and the probiotics LGG and BB12 changed transepithelial resistance (128.4 6 4.5% vs. 124.2 6 4.6%; P = 0.025) in polypectomized study participants but did not affect study participants with cancer (104.9 6 6.2% vs. 101.9 6 6.6%; P = 0.65) when compared with a placebo (81). Limburg et al. (82) reported that the change in percentage of aberrant crypt foci did not significantly differ after study participants ingested ORAFTI Synergy1 compared with placebo consumption (288 to 83 vs. 2100 to 117; P = 0.92). Prebiotics may potentially have favorable effects on reducing obesity, decreasing risk of weight gain, and increasing satiety. FOS supplementation decreased body weight over 12 wk (FOS group: 21.03 6 0.43 kg vs. control group: +0.45 6 0.31 kg; P = 0.01) and resulted in a lower AUC for ghrelin (23% decrease; P = 0.004) and higher AUC for PYY (13% increase; P = 0.03) for initial values compared with values at the end of the study (106) . Prebiotics have also been shown to decrease hunger VAS scores at 180 min compared with placebo (time 3 treatment; P = 0.0147); increase plasma glucagon-like peptide 1 (treatment 3 time interaction; P = 0.038) and PYY (treatment 3 time interaction; P = 0.0498); and decrease AUC for glucose after a standard meal (treatment 3 time interaction; P , 0.05) (107) . Although developing evidence supports a role for prebiotics in reducing the risks of some chronic diseases, positive and negative results as well as no effect have been obtained for the effects of prebiotics on other diseases (134) .
The United States, France, The Netherlands, Japan, Korea, Singapore, Malaysia, Thailand, Brazil, Chile, Columbia, and South Africa have established guidelines for prebiotics and Canada is developing guidelines. EFSA has rejected article 14 (1) (a) health claims and two article 13 (5) health claims and issued guidelines on substantiation of health claims related to the GI tract and the immune system (118) . Inclusion of scFOS as a dietary fiber in Codex Alimentus is an unresolved issue. WHO/ FAO is developing guidelines for evaluation of the functional and health properties of prebiotics.
Research Needs and Future Directions
At the February 10, 2011 Workshop on Prebiotics and the Health Benefits of Fiber: Future Research and Goals (135), the following research needs and future directions of the prebiotic field, including research on fiber and specifically prebiotic fiber, gut microbiota, and human studies, were discussed. Table 3 identifies research needs in each of these areas.
Fiber/prebiotic fiber The general consensus of prebiotic researchers is that not all fiber is the same; separation into functional categories is necessary. Prebiotics differ in source, structure, and functional characteristics from traditional fibers like pectin, cellulose, and others. Further research is needed to better characterize the effects of different fibers and prebiotics on the composition and function of the intestinal microbiota. Intervention studies are needed to identify potential benefits of fiber and prebiotics on human health and specific disease conditions. Future research studies should include various types of fiber and prebiotics and provide clear descriptions of the fiber/prebiotics used (i.e., monomeric composition, chain length, type of binding, branching, and side chains).
Gut microbiota
To further strengthen prebiotic research, attention must focus not only on prebiotics but also on understanding the composition, function, and complex interactions among and between the gut microbiota and the human host.
Human studies
Generally, there is a lack of prebiotic population-based studies, although it must be taken into account that this is a relatively new area of nutritional sciences. It has been suggested that ongoing large-scale studies could be tapped into as a short-term way to study the effects of prebiotics in subpopulations of interest.
Regulatory and funding issues
Population-based studies of prebiotic intake are expensive. A potential way to fund these initiatives is to forge industrygovernment collaborations. Increasing the visibility of the prebiotics field to federal agencies may also help meet funding needs. Currently, one of the most important regulatory issues is to identify a strategy most likely to succeed with regulatory agencies like EFSA. Perhaps an interim strategy could be adopted to gain approval of prebiotics as a class of fiber instead of an independent category while research is being conducted to address the concerns of the regulators. However, if prolonged, such a strategy would incur a long-term cost, undervaluing the unique properties and benefits of prebiotics.
Disseminating the health benefits of prebiotics in general and of specific prebiotic fibers in particular is currently restricted by 
Future research needs
Fiber/prebiotic fiber Better characterization (structure and function) of different fibers and prebiotics Intervention studies to identify the potential benefits of fiber and prebiotics Gut microbiota
Complete the human gut microbiome project to identify microbiota beyond bifidobacteria and to differentiate``normal/healthy'' and disease-state microbiota Define a panel of target microbes for prebiotics and demonstrate functional efficacy Clarify the functional importance of changes in flora Determine the long-term effects of prebiotic intakes and develop structure/function models Develop biomarkers for beneficial bacteria and their health outcomes Improve methods to study fermentation in vivo and in vitro Promote the development and use of molecular techniques to identify/quantify gut microbiota (e.g., qPCR) and detect/localize (e.g., FISH of 16S ribosomal RNA, high throughout sequencing, microarrays) for different gut microbial types/genera Assess the metabolic and health-related impact of gut microbiome modulation and the metabonomic impact of gut microbiota modulation by diet Human studies Identify biomarkers of exposure for prebiotic intake Identify biomarkers of effect for prebiotic intake in the general population and in diseased/at risk subpopulations Define relevant clinical endpoints [i.e., blood glucose/lipids, bowel function, mineral metabolism (calcium/magnesium), immune function and gut inflammation, gut symptomology, daily functioning, and quality of life] Define dose-response relationships for various categories of prebiotic Define how much the observed benefits of various fibers are related to prebiotic effects Determine the duration of effect of prebiotics Define relationships among prebiotics and baseline diet Investigate variability in response to prebiotics observed among individuals Promote studies investigating relationship between GI health and prebiotic intake in children and the elderly government regulations on advertising and label claims. The recognition that advertising and label claims are a powerful force to influence public behavior motivates government regulatory agencies to carefully evaluate the scientific evidence that serves as the basis of the claim prior to approval. Advocates of prebiotics face a considerable challenge to gather sufficient evidence to convince regulatory bodies in the US and EU that the beneficial effects of prebiotics are sufficiently well defined and accepted by the scientific community that such claims are acceptable.
The LSRO-organized Workshop on Prebiotics and the Health Benefits of Fiber: Future Research and Goals determined that to increase acceptance of prebiotics by the scientific community and the likelihood of regulatory acceptance of claims for the beneficial effect of prebiotics on human health, additional research is needed on fiber, gut microbiota, and human studies. Developing these data maybe more easily achievable for some diseases than for others. Although this research will be costly, it has the potential to reduce the risk of some diseases and improve human health.
